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X-RAY SPECTRA PRODUCED WHEN
THICK SILICON TARGETS ARE BOMBARDED WITH
1.05 AND 1.25 MILLION VOLTS ELECTRONS

By Jag J. Singh, Richard Adams,
and Chris Gross
Langley Research Center

SUMMARY

Measurements have been made on the X-rays produced when thick silicon tar-
gets are bombarded with 1.05 MeV and 1.25 MeV electrons. (These energies are
based on range-energy relationship for electrons in aluminum.) The various
cross sections, after correction for efficiency and finite resolution of the
sodium iodide crystal for X-rays, have been compared with the predictions of
the Bethe-Heitler theory. The predicted pulse height and angular distribu-
tions of the X-rays are in qualitative agreement with the measured values.
However, the absolute magnitudes of the measured X-ray intensities, at both
energies of the electrons, are smaller than the theoretical values (relativis-
tic, nonscreened, and no backscattering considered).

INTRODUCTION

The electrons constitute an important fraction of the charged particles
trapped (ref. 1) in the magnetic field of the earth. For a proper evaluation
of the hazard that they present to space travel, it is necessary to consider
the basic mechanism of their interaction with matter. For electrons of rela-
tively low energy, the loss in matter is due to the excitation and ionization
of bound electrons in the stopping substance. For high-energy electrons, an
entirely different mechanism of energy loss, that is, the energy loss by the
emission of electromagnetic radiation in the electric field of the nuclei of
the stopping material, plays a prominent part. According to classical electro-

magnetic theory, an accelerated charge emits radiation at a rate 2 EE%E (where
c
a 1is the acceleration, e the charge, and c¢ the velocity of the particle).
An electron, on account of its small mass, can experience a large acceleration
in the coulomb field of the nucleus. The resulting radiation, or bremsstrahlung
as it is called, is the dominant influence in the energy loss of fast electrons.
A complete discussion of energy loss of an electron by radiative collisions has
been given by Bethe and Heitler (ref. 2) who used Dirac's equation for the



electron and the Born approximation for treating the interaction of electrons

with the nucleus. However, use of the Born approximation is not justified for
heavy elements nor for low electron energies. A number of authors (refs. 3

to 5) have tried to include other effects such as bremsstrahlung in the field

of the electrons and the screening effect of atomic electrons.

From the practical standpoint, the real problem is that of thick-target
radiative collisions, that is, when the electrons suffer more than one colli-
sion in passing through the target. However, few thick-target X-ray measure-
ments (refs. 6 to 9) have been reported in the literature mainly because of
the following: first, imperfect detection of the X-rays makes the analysis of
observed data very difficult; second, no theoretical expressions for thick-
target X-rays have been developed owing to the complex distribution of elec-
trons, both in direction and energy, within the target. With the advent of
fast electronic computers and the development of efficient phosphors for X-ray
detection, both of these problems have been considerably simplified.

The subject of radiative collisions of charged particles in matter is far
from being fully understood. In view of the various considerations involved
in space travel, it deserves another penetrating look, both from the theoret-
ical and the experimental standpoints. A program involving comprehensive
experimental measurements on X-ray production as a function of the target mate-
rial and the incident electron energies has been undertaken at the Langley
Research Center. In this report, results on the X-rays produced when thick
silicon targets are bombarded with 1.05 MeV and 1.25 MeV electrons are

presented.

SYMBOLS

acceleration of charge

a
c velocity of light

é%z rate of loss of energy of electrons per unit path length

E total electron energy in units of moc2

e electron charge

P(k) atomic form factor

f(e) intensity of scattering per unit solid angle in direction ©

Gy total average of Legendre polynomials used in describing multiple

0
n
scattering, Z W(n)|<P; cos 0; > av:l
i=0



I total radiated energy in all directions; mathematically, it is
obtained by integrating I(6) over all values of ©

1(e) total radiated energy in direction between 6 and 6 + d6
i=y-1
J,? integers
k photon (X-ray) energy
m, mass of particle at rest
N number of target atoms per cubic centimeter
P(8)dse probability £hat electrons are deflected between 6 and 6 + 46
Py(cos 6) Legendre polynomial of 1th order
P electron momentum
Q total incident charge on target
T kinetic energy of electron
Tp dead time of pulse height analyzer
To incident electron kinetic energy
t foil thickness, cm
v electron velocity
W(n) probability that an electron makes n collisions
w(e) angular distribution function
Z atomic number of target atoms

_ Electron velocity _v

Velocity of light €

€ efficiency of X-ray production; it measures the fraction of

incident energy radiated as X-rays
0 angle between initial direction of electron and detector

A incident electron wavelength



%% differential cross section for production of photons of energy
between k and k + dk; mathematically, it is obtained by

do®

integrating Tk a6 over all values of 6

dn total number of photons, per electron, in the energy range Kk,

dk k + dk

3%925 differential cross section for production of a photon lying in
energy range k, k + dk and emitted in direction between 6
and 6 + de

d%n . .

a0 total number of photons per electron per steradian in the energy

dk range k and k + dk

do(e) differential cross section for scattering in direction between 6
and © + a6

Q solid angle

Wo electron wave function for ground state of atom

A bar over a symbol indicates an average value.
EXPERIMENTAL, DETATILS

Target Preparation

Targets have been defined as thick when their thickness equals the range
of the appropriate electrons. In order to take into account the range strag-
gling, the target thickness was made 10 percent larger than the range. The
range in mg/cm2 was calculated by using the Katz and Penfold (ref. 10) empirical
formula:

R = 4120

where n = 1.265 - 0.0954 log T and T is the electron energy in MeV. Tar-
gets (1.5 cm X 1.0 cm) of appropriate thickness were cut from the chemically
pure silicon block. The targets were cleaned ultrasonically before use.

Target Chamber

Two target chambers made of 1/8-inch-thick brass and with an inner diam-
eter of 8 inches were used in these measurements. One of the chambers had a
1lh-inch-long aluminum pipe attached to the end of the chamber opposite the
electron-beam entry port. This tailpipe was provided to enable the background
megsurement to be made without disturbing the detection setup. The other
chamber had no tailpipe and was used for making X-ray measurements at angles
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between 0° and 45° to the electron beam. The target chamber was mounted at
the center of a 32-inch-diameter steel table of adjustable height.

Beam Integration

The target was insulated from the target chamber by means of a transparent
insulating cover. The target chamber itself was insulated from the rest of the
beam tube. This arrangement enabled beam alinement on the target. The charges
incident on the target and the chamber (partly scattered off the target) were
measured with current integrators capable of measuring currents as low as

10-10 ampere.

Detecting System

The X-rays were detected with a l%-inch by 2-inch sodium iodide crystal

mounted on a photomultiplier. The detector was mounted on a rotatable steel
arm at a distance of 12 inches from the target. An 8-inch-long lead collimator
with a tapered axial clearance leading to the center of the target was placed
between the chamber and the detector. The collimator hole was 0.925 inch in
diameter at the face in contact with the crystal. The hole diameter had a
gradient of 0.0T74 inch per inch. In order to take into account variation in

beam intensity, the interaction was monitored with another l%-—inch by 2-inch

sodium jodide crystal also mounted on a photomultiplier and located at a dis-

tance of 11 inches from the target at an angle of 52° on the opposite side of

the beam line. A 6-inch-long collimator similar to the one used with the main
detector was used with the monitor crystal. The monitor counter output, after
suitable amplification and pulse shaping, was fed into a single-channel pulse-
height analyzer biased to reject all pulses less than 500 keV in energy. The

output of the analyzer was then fed to a fast scaler.

The output of the movable counter, after suitable amplification, was fed
into a 400-channel pulse height analyzer. The data were then fed into a paper
tape punch and later transcribed using a paper tape reader and a typewriter.

Experimental Procedure

Electron beams of the order of a few nanocamperes and energy 1.05 MeV and
1.25 MeV from the 1.25 MeV electron accelerator were focused on the target with
the help of a magnetic lens located close to the base of the beam tube. The
beam size was further reduced with the help of carbon collimators located
between the target chamber and the lens.

The electron beam was centered on the target with the aid of a television
camera. The X-ray spectra were measured with the target in the path of the
beam and with the target pulled up so as to allow the beam to hit the end of
the long aluminum pipe. The counting rate in the main detector when the beam



hit the pipe was less than 2 percent of the counting rate when the target was
bombarded. The corrections for the background counts were made in the following
manner.

Suppose the charge collected by the chamber when the beam is incident on
the target is Q;. The average distance of the points where the scattered elec-

trons strike the target chamber is equal to the distance of the beam line from
the detector. For the purpose of measuring distance between the effective site
of background counts and the detector, the effective site has been taken as a
point 2 inches ahead of the target on the beam line. Suppose this distance is
dl. Suppose the charge incident on the aluminum pipe when the target is pulled

out of the beam is Qp. ILet the distance between the detector and the point
where the electrons strike the aluminum extension pipe be dp. If the counting

rate from this latter configuration be c¢p, the actual background counting rate
cy 1is given by the following relation:

d 2 Z 2
- ) ()

In this relation, two tacit assumptions have been made:
(1) Equal shielding of the main detector from all sides

(2) The contribution due to the scattered electrons is of the same order
as that due to the incident electrons.

The second assumption is not strictly Justifiable in view of the reduced elec-
tron energy; but overall low background counting rate makes this assumption
essentially redundant.

The pulse-height distribution measurements were repeated at seven angles
between 45° and 130° for a fixed number of monitor counts. In order to measure
the spectra along directions inclined at angles of less than 45° to the electron
beem, the second chamber, without the aluminum tailpipe, was used. In order to
compare the spectra taken with the two different target chambers, overlapping
measurements were made &t three different angles. From these three common spec-
tra, an average normalizing factor was obtained. The measurements at angles
below 45° were corrected by this factor.

Figures 1 and 2 show the target chamber and the block diagram of the experi-
mental setup, respectively. Figure 3 shows a typical X-ray spectrum and the
background spectrum.



ANALYSIS OF THE DATA

Before the experimental results can be compared with any theory, the data
have to be corrected for the effects of the detecting system. In the present
case, corrections have been made for the following effects: counting rate,
finite resolution, and detectlion efficiency.

Counting-Rate Effect

The pulse height analyzer does not register all the pulses arriving at the
gate because of a finite dead time. (The dead time in microseconds of the
analyzer used is given by the expression:

Tp = 39 + O.4N'

where N' 4is the channel number where counts are stored.) This dead time is

a function of the height of the incoming pulses. The fraction of the time
wasted because of the dead time associated with each incoming pulse depends on
the counting rate which varies from angle to angle. One way of allowing for
this effect is to measure simultaneously the clock time duration of the meas-
urement and live time. The analyzer keeps its own record of the live time.

The ratio of these two times gives a factor by which all the observed counts at
a particular angle must be corrected. Since the background counting rate is
mich less than the main counting rate, respective counting-rate corrections
must be made before the background counts are subtracted from the main counts.

Finite Resolution Effect
Arzcom
A monoenergetic photonfdoes not produce & pulsesof unique height from a

sodium lodide phosphor. This condition is due to the fact that the incident
photons may deposit energy between zero and the maximum possible within the
phosphor, depending on their paths within it. Thus, a monoenergetic X-ray
source produces pulses varying in height from approximately zero to the maxi-
mum possible. This variation makes the analysis of a continuous-energy X-ray
spectrum very difficult.

In order to correct the experimental spectrum for this effect, reference
spectra should be taken from a number of suitable monoenergetic gamma sources.
The observed spectrum should then be unfolded by drawing in appropriate indi-
vidual spectra. In the present investigation, Na22' (0.51, 1.28 MeV), Csl37
(0.667 MeV), and cob0 (1.17, 1.33 MeV) gamma sources were used to provide the
reference spectral shapes. (See fig. 4 for Csl3T and Cof0.) The following
analytical procedure was adopted: Starting from the high-energy end, the
observed spectrum was divided into 50 keV wide intervals. A component spectrum
with the intensity of the total capture peak equal to the mean interval inten-
sity and the peak energy equal to the mean interval energy was drawn in the
highest energy interval. Allowance for the fact that the X-ray energy spread




within an interval is 50 keV was made by appropriately broadening the mono-
energetic reference shape. This component spectrum was subtracted from the
observed spectrum and the next pulse profile (with energy 50 keV less) was then
drawn in and subtracted in the same manner. This process was continued until
the lower energy end of the observed spectrum was reached. The area under each
component spectrum was then measured. This area corresponded to the intensity
of the pulses with energy equal to the corresponding mean interval energy.
Figure 5 illustrates the unfolding procedure.

Detection Efficiency Effect

The detection efficiency of the sodium iodide crystal is a function of the
incident X-ray energy. The detection efficiency of the crystal has been cal-
culated theoretically by assuming that each photon travels a distance of
2 inches through the crystal. Figure 6 shows the efficiency as a function of
energy. To correct for the effects of detection efficiency for X-rays of dif-
ferent energies, the observed intensities after the counting-rate correction
was made were divided by the appropriate efficiency factor.

This procedure was followed for correcting the observed spectrum at each
angle. The data thus obtained have been consolidated as follows:

(a) Each spectrum has been broken up into three groups: high-energy
group, intermediate-energy group, and low-energy group

The angular distribution of the X-rays in each group has been expressed as
follows:

M
Ww(e) = z aZPz(cos e) (2)

1=0

where Pz(cos 6) 1is the Legendre polynomial of the 1th order. Figures 7(a)

and 7(b) show the angular distribution of the three groups, and the numerical
results are given in table I. The angular distribution of high-energy photons
is seen to be more sharply peaked in the forward direction than that of low-

energy photons.

(b) At each angle, the total radiated energy has been calculated in the
following manner:

To
1(9) = z k N(k) (3)
k=0
where
k X-ray energy
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N(k) number of X-rays with energy equal to -k

To kinetic energy of incident electrons; also equals the maximum photon
energy

Since the nucleus is heavy compared with the electron, the momentum of the
electron plus light quantum is not, in general, conserved; the nucleus can
take any amount of momentum. A finite transition probability to any final
state E,p which satisfies T + k = Tg is obtained. (See refs. 11 to 13.)

The observed values of total radiated energy at each angle have been fit-
ted to an expression of the form given by equation (2). Figures 8(a) and 8(b)
show the angular distribution of radiated energy at two electron energies. The
numerical results are given in table II.

(c) The observed intensity of the X-rays in each strip at each angle has

been integrated over all directions in space. In this way, diai has been
e

obtained at each electron energy and %% has then been obtained by evaluating

T2
k/ﬂ E%'gE sin @ d0 at each electron energy. The results are shown in fig-
0

ures 9 and 10.

(d) The total radiated energy at each angle I(6) has been integrated
over all directions in space to give the entire radiated energy I. This pro-
cedure enabled a calculation of the efficiency of X-ray production as follows:

Total radiated energy I (1)
Total incident electron energy nT,

where n is the number of incident electrons and is equal to
Total incident charge

Charge per electron

. The results are given in table III.

THEORY

All bremsstrahlung theories predict the probability of emission of elec-
tromagnetic radiation in a single encounter between the incident electron and
the target nucleus. In this encounter, there is no ambiguity about the direc-
tion and energy of the incident electron. But when an electron is passing
through a thick foil, its direction as well as energy are continuously changing.
It is therefore necessary to keep track of the directions and energies of the
electrons at all stages of their progress through the stopping medium for a
proper evaluation of the thick target bremsstrahlung spectrum. This is an
extremely tedious and time-consuming process. Before outlining a practical
approach to the solution of thls problem, a brief discussion of various factors
that affect electron paths and energies is glven.



Elastic Scattering of Electrons by Atoms

More probable than the electron-electron collisions are the collisions
between the incident electrons and the atoms of the stopping materiasl. In
these latter collisions, the electrons are merely deflected with no loss of
energy. Accurate treatments of nonrelativistic single scattering using the
Fermi -Thomas atomic model and the Born approximation have been given by Bethe
(ref. 14) and by Bullard and Massey (ref. 15). The differential cross section
for scattering through an angle 6 into the solid angle 2x sin 6 d6 1s given

by

n )
a (e) - 2ne (Z _ F(k) )2 sin 6 46 (5)
? peve sin* %

where F(k) is the atomic form factor given by

Z
F(k) = fzeik'r3|¢o|2d7 (6)
J=1
and
Yo electronic wave function for ground state of atom
1= 1
T position vector for jth electron
dr volume element

Moliére (ref. 16) has derived a similar expression for a screened coulomb field
without the use of the Born approximation. For relativistic velocities, the
shielding effects are confined to smaller angles. Mott (refs. 17 and 5) cal-
culated differential scattering cross section from an unscreened coulomb field
for relativistic electrons by using the following expression:

2.2

d_¢(9) = 2ne Z2 sin 6 d6 1 - Bgsfm2 e _ Zj_tﬁ sin 2] Sin2 9. - 1 (7)
L L 8 2 137 2 2
PV sin 3

However, use of the Born approximation - made in this derivation - is not
justified even at high energies except for very light nuclei. The number of
electron-atom elastic collisions is very large and they produce characteristic
multiple scattering effects even for thin foils. Multiple scattering has been
considered by a number of authors. For foils and incident energies when multi-
ple scattering takes place but energy losses can be neglected, Williams

10



(refs. 18.and 5) has shown that the statistical distribution of angular deflec-
tions is glven by the Gaussian distribution:

2/2
P(0)ds = = ole™® /o de (8)
o2
where
_ N 2
oF - ¢ W2+ et - p2) | Ny 175, th(y_/g) (9)
e w

h is Planck's constant, and t 1is the foil thickness in centimeters. This
simplified theory is not complete because it does not hold for very large
angles and does not include the scatterings in which more than one deflection
takes place although not enough are involved to give the characteristic
Gaussian distribution. The basic theory of multiple scattering has been given
by Goudsmit and Saunderson (refs. 19 and 20) and more recently by Moliére
(ref. 21). The results of these theories are given below.

The normalized probability f£(6)dQ that the electron will be deflected
into an angle between 6 and 6 + d9, after it has traveled a path length t

through the scattering material of atomic number Z, containing N atoms per
cubic centimeter, is given by the following series in Legendre polynomials:

f(e)dn = -;- 2(21 + 1)G;P;(cos @)sin 6 do (10)
)

The coefficients G; are given by

Ti b1
G; = exp{- 2naN o(T,8")|1 - Pz(cos 9')| 4T 4o’ (11)
T O
where
Ty kinetic energy of incident electron
Ty kinetic energy of electron in ith strip
N number of target atoms per cubic centimeter

11



and the corrected Rutherford scattering cross section o(T,8') is given by

2 )
o(T,0') = Z7e (12)
peve(l - cos 6' + 2q)2

where the screening parameter for electrons is given by Moliére as

2
n = (1.7 X 10’5)z2/3 1.13 + 3.76(1-3275) (13)

Electron-Electron Scattering

The theory of the energy loss of an electron by inelastic encounters with
the electrons in the stopping material has been worked out by Bethe. (See
ref. 22.) For nonrelativistic electrons, the result is

- g% = h:j:N Z loge g%g e/2 (14)
where
N number of target atoms per cubic centimeter
I average excitation potential of atom
zZ target nucleus charge

Bethe, by using Moller's formula (ref. 23) for the scattering of electrons by
electrons, has also calculated the stopping power of various materials for
relativistic electrons. The result is

-g=@e—thog-LV2To——5—<2\’l-[32-l+[32>log2+(1—82)

oy 212(1 - p2

1 i-) (15)

where

To kinetic energy of incident electron
=X

B c



In this way, one expects a continuous energy loss by the electrons as they
penetrate thick foils. The rate of loss of energy is continuously increasing
as the velocity of the electrons decreases (that is, as the electrons penetrate
farther). Besides the effects associated with the distribution in space and
energy for the electrons, another effect, namely, the attenuation effect of the
rest of the target foil on the bremsstrahlung, must also be considered.

As indicated earlier, these effects are very difficult to handle in exact-~
ness. However, it is possible to introduce certain simplifications without
reducing the rigor of the treatment appreciably. In the first place, electron-
atom and electron-electron scattering can be regarded as essentially independent
of each other. This procedure enables one to treat the thick foil as made up of
a large number of thin foils, each producing the same energy loss through exci-
tation and/or ionization. Multiple scattering effects in each foil can be eval-
uated. The absorption effects of the target can be approximately allowed for by
assuming that, on the average, each photon will have to travel through half the
thickness of the target. The absorption effects are important mainly for the
low-energy photons and they are likely to be produced all along the electron
tracks with a slightly diminishing probability.

With these simplifications, the thick target case can be reduced to the
following schematic form (sketch (a)):

Incident . . B ~J ¢ i y ! . 1 : -
electrons - Ei,_,/ e
0 1 2 . . ... d
To To -AT . . « v o« .. (To-1aAT)
Sketch (a)
where
N number of target atoms per cubic centimeter
AE = 50 keV

Ny number of target atoms in the ith strip and proportional to statistical
welght of ith strip
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The probability of scattering of an electron in any given direction is given

by the differential cross section for multiple scattering in that direction.

Due regard must be given to the fact that the electron distribution is symmetric
in space about the direction of propagation of electrons in the beginning of
each strip. Thus an electron, although scattered through the same average
angle 6, may be traveling in an entirely different direction with respect to
the detector. This effect can be allowed for as indicated in sketch (b):

where
BD = x tan Bj
AD = x sec Bj
BC = x tan 0
AC = x sec ©
and

cos 74, = cos 8 cos Bj(1 + tan 6 tan Bj cos @)

cos 6 cos By + sin 6 sin B cos (16)
J J 1

C (Detector)

D
#y
Incident /E/‘ B

- A B

o

electron

Sketch (b)

It has been assumed that the lateral displacement of the electrons due to mul-
tiple scattering is extremely small compared with the distance of the detector
from the target. Thus, multiple scattering effectively changes only the direc-
tion of incidence of the electron involved in radiative collision. This assump-
tion is not unreasonable (refs. 24 and 25) in the case considered.

1k



If one follows the progress of a large number of electrons through all the
strips and keeps track of their directions in successive strips, one can get the
2
over-all d"¢_ and 49, (See appendix.) The cross-section differential in
dk de dk
2
pulse height %% is calculated from di ge by integrating it over all direc-

tions in space.

(k)x
diag.e - Z Z: ZN1[£2Z¢<T1,BJ,¢Z§l [dizzy(rpi,k,yjzil [e_zic'os_—e:l (17)

multiple scattering Bethe-Heitler
where
Ny number of atoms in ith strip
T4 electron energy in ith strip
Bj semiangle of cone (see sketch (b))
3 azimuthal angle
731 angle between incident electron and emitted proton
k energy of photon
u(k) attenuation coefficient in silicon for photons of energy k, em-1
6 angle between incident electron beam and detector
—QEQ— multiple scattering cross section calculated from Goudsmit-Saunderson
ag ag theory
diegy radiative collision cross section as given by Bethe-Heitler theory
x range of incident electrons in target

Target thickness is measured in centimeters.

COMPARISON BETWEEN THEORY AND EXPERIMENT

®

At electron energles of the order of one million volts and above, exact
electron Dirac wave functions must be used to calculate theoretical bremmstrah-
lung cross sections. However, to date, no such calculations have been

15



2
successful. Consequently, the only predictions of E%;%6 and %% that are

directly comparable with the present experiment are those of Bethe-Heitler and
others obtained by means of Born approximation. For comparison at low energies,
Heitler (ref. 11) has given estimates of the error resulting from the use of
Born approximation in the nonrelativistic energy range.

Comparison between the theory (relativistic) and the experiment is shown
in figures 9 and 10. The effects of screening of the nuclear field by the
atomic electrons and the backscattering of electrons from the target have not
been included in these theoretical calculations because of the lack of reliable
information on these effects. The energy loss straggling in collision with
atomic electrons has also been ignored. The errors on the experimental points
range from about 10 percent in the low-energy region to about 20 percent in the
intermediate energy region. The errors on the points close to the high energy
end of the spectrum are of the order of 50 percent. Figure 9 shows that the
absolute magnitude of the X-ray intensities integrated over all directions is
not in good agreement with the predictions of the Bethe-Heitler theory. How-
ever, the inclusion of the backscattering effects and statistical fluctuations
in the ionization loss are expected to bring the two curves in reasonably good
agreement. Figure 10 shows comparison between experimental and theoretical
pulse height distribution spectra at 6 = 45°. It is seen that the experimen-
tal curve crosses the theoretical curve at about the middle of the spectrum,
the experimental curve being lower in the low-energy region and higher in the
high-energy region.

The total radiated intensity per electron, integrated over all directions
in space, has been measured. From these measurements, the efficiency of X-ray
production has been calculated to be 0.65 percent at an electron energy of
1.05 MeV and 0.75 percent at an electron energy of 1.25 MeV (see table III)
compared with the corresponding theoretical values of 0.7l percent and
0.89 percent. :

It thus appears that the Bethe-Heitler theory, suitably corrected for
screening effects of atomic electrons and proper account of electron multiple
scattering being taken, may give a reasonable account of radiative collision
cross sections of electrons with silicon atoms. The use of Sommerfeld theory
(ref. 26) for nonrelativistic energy region may improve the agreement.

CONCIUDING REMARKS

Measurements have been made on the X-rays produced when thick silicon
targets are bombarded with 1.05 MeV and 1.25 MeV electrons. The various cross
sections have been compared with those predicted by the Bethe-Heitler theory.
This comparison indicates that the Bethe-Heitler theory, when suitably corrected

16



for screening effects of atomic electrons and multiple scattering of the inci-
dent electrons, may give a reasonable account of radiative collision cross
sections of electrons with silicon atoms. The use of the Sommerfeld theory
for nonrelativistic energy region may improve the agreement.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., August 14, 196k,
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APPENDIX

RADIATIVE COLLISION CROSS SECTIONS OF ELECTRONS IN MATTER

As indicated in reference 4 a large number of investigators have attempted

to evaluate bremsstrahlung production when swift electrons strike matter.

For

comparing the data with theory, formulas 2BN and 3BN of reference b will be

used.
a2 _ 72r,2 b sin 6, /8 sin0,(2E,2 + 1) 2(5E2 + 2EE, + 3) 2(p,2 - k2)
dk d6  ¥(137) kp, poeru P02A02 I
L L hEosin%o(}k - per) s hEOQ(EOQ + E2)
po2AO PPO PO2AO)+ P02A02
, 2 - 2(1E? - 3mEg + 52) . 2k(E.2 + EE, - 1)
N o200
i <i_> ; <_Q> e 2 - ) (18)
P & PQ AO2 Lo Q?AO
where
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EEc - 1 + ppo
EEo - 1 - ppg

L= loge

Ao = Eg - Py COS 6g
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where

+ Ll 2P 3 €o
3p P p,7p> op\ b,
Eo.E + p2 2kE,
- 2o . — e+ = °§ (19)
P PP,
EE + -1
Ly = 2 logg of iop
Eo + Po
€, = lo o
o 8e E, - D,

In these two expressions, the units are slightly different from those of the
text. All the quantities used are defined as follows:

Eo,E initial and final total energy of the electron, me?
PosP initial and final momentum of the electron, mec

k energy of photons, mc2

8o angle between p, and k

P _ Final momentum

classical electron radius, QEE = 2.82 x 10-13 cm

me

of electron

B = E  Finpal energy

_ Po _ Initial momentum

of electron

Bo = E, Initial energy
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TABLE I.- ANGULAR DISTRIBUTION OF THE X-RAYS PRODUCED WHEN 1.05 MeV

AND 1.25 MeV ELECTRONS BOMBARIED THICK SILICON TARGETS

Electron energy,

MeV

1.05

k)
I

TABLE

Energy interval,
keV

750 to 1050
450 to 750
150 to 450

850 to 1250
450 to 850
100 to 450

I

= PZ(cos 6) where 1 =0, 1, 2, 3.

W

Po + l.BSPl
Po + 1.§8Pl
Py + 0.73P1

Pp + 1.70P1
Py + 1.48p
PO + 0.69P]_

+ 2.11P2
+ O.97P2 +
+ 0.27Pp +

Angular distribution expression,
(e)

(*)

+ 1.51Pp
+ 0.86P2
+ 0.12P,

+ 0.88P3 + O.hOPu
+ 0.50P3 + 0.20P)
+ 0.29P3 + 0.06Py

+ 0.90P3 + 0.87Py
0.49P3 + 0.30Py
0.17P3 + 0.22P)

II.- ANGULAR DISTRIBUTION OF TOTAL RADIATED ENERGY FROM THICK SILICON

TARGETS BOMBARTED WITH 1.05 MeV AND.1.25 MeV ELECTRONS

Electron energy,

MeV

Ww(s)
S

1.05

1.25

4

*P; = Py(cos @) where 1 =0, 1,2, 3.

Angular distribution expression,

Py + 0.88P) + 0.35P, + 0.32P3 + 0.15Py

Pp + 0.93P1 + O.54P, + 0.36P5 + 0.31Py

TABLE ITI.- EFFICIENCY OF RADTATIVE COLLISIONS IN SILICON

Electron energy,

Results of present investigation, percent

(*

To

MeV Radiated energy
100 keV
Incident energy
1.05 0.32
1.25 0.37

Total radiated energy
Incident energy

Theoretical results,
percent

(**)

[N TN —_ —_—

0.71
0.89

*In the calculations, the absorption of X-rays in target and air has not been

considered.

tion of incident electrons.
**Refs. 2, 5, and 12.

Also, the curves were extrapolated to get radiated flux in the direc-
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Figure 1.- View 61“ target chamber.
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Figure 3.- Comparison of target bremsstrahlung spectrum with background spectrum.
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Figure 6.- Variation of efficiency of sodium iodide crystal with the X-ray energy.
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Figure 7.- Angular distribution of three sections of X-ray spectrum. The intensities have
been adjusted to be the same at 45° for each group.
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